r During split-belt locomotion in humans where one leg steps faster than the other, the symmetry of step lengths and double support periods of the slow and fast legs is gradually restored.
Introduction
Coordinating the limbs is essential for terrestrial locomotion in mammals and neural and biomechanical mechanisms have evolved to ensure a flexible control of interlimb coordination in changing environments (recently reviewed in Zehr et al. 2016; Frigon, 2017) . When confronted with persistent perturbations in the external environment, the interlimb pattern can adapt. Adaptation is defined as a recalibration of the movement in response to a persistent perturbation and the presence of after-effects when the perturbation is removed, indicating storage of the new pattern within the central nervous system (Martin et al. 1996; Bastian, 2008; Vasudevan et al. 2011) .
Split-belt locomotion, where the speed of each limb is controlled independently, can induce adaptation in decerebrate cats (Yanagihara et al. 1993; Yanagihara & Udo, 1994; Yanagihara & Kondo, 1996) and in humans (Prokop et al. 1995; Reisman et al. 2005) . In decerebrate cats, locomotor adaptation was investigated by having one forelimb step at about twice the speed of the other three limbs. In these studies, fluctuations in forelimb kinematic variables were measured to investigate locomotor adaptation. Marked fluctuations, defined as large deviations from the mean on a step-by-step basis, in cycle/phase durations and in double support periods of the forelimbs were observed during the early split-belt period. These fluctuations gradually disappeared and were reduced in subsequent trials so that by the third trial, they were absent (Yanagihara & Kondo, 1996) . It was shown that Purkinje cells in the cerebellar vermis received greater climbing fibre inputs during split-belt locomotion, potentially as an error signal to drive the locomotor adaptation (Yanagihara & Udo, 1994) . Additionally, nitric oxide deprivation in the cerebellar vermis prevented locomotor adaptation, even with repeated trials (Yanagihara & Kondo, 1996) .
More recently, Reisman et al. (2005) developed a split-belt protocol to investigate locomotor adaptation in humans that consisted of tied-belt locomotion (pre-adaptation period), followed by about 10 min of split-belt locomotion (adaptation period) and a return to tied-belt locomotion (post-adaptation period). In this study, the left-right symmetry of kinematic variables in the legs was measured to investigate locomotor adaptation. In pre-adaptation, intralimb (stride lengths, stance durations) and interlimb (double support periods and step lengths) kinematic variables were symmetric bilaterally. During early adaptation, intralimb and interlimb kinematic variables became asymmetric. However, during late adaptation, while intralimb variables remained asymmetric, interlimb variables became symmetric. In early post-adaptation, intralimb variables immediately returned to symmetry, whereas interlimb variables displayed a reversal of the asymmetry observed during early adaptation. This after-effect provided evidence that the central nervous system was learning and storing a new pattern during the adaptation period. Adaptation to split-belt locomotion has been confirmed in several studies in human children and adults (Morton & Bastian, 2006; Choi & Bastian, 2007; Malone & Bastian, 2010 Vasudevan & Bastian, 2010; Musselman et al. 2011; Vasudevan et al. 2011; Malone et al. 2012; Finley et al. 2013; Forbes et al. 2017 ). An important cerebellar contribution in adapting to split-belt locomotion in humans was also proposed because people with cerebellar damage had impaired adaptation (Morton & Bastian, 2006) .
Despite an important role for the cerebellum in locomotor adaptation, other neural structures might also participate. In particular, spinal circuits, which play an essential role in producing the basic locomotor pattern (Brownstone & Wilson, 2008; McCrea & Rybak, 2008; Grillner & Jessell, 2009; Frigon, 2012; Kiehn, 2016) , were shown to produce motor adaptation and have the basic neuronal elements for learning (Brownstone et al. 2015) . Indeed, the limb trajectory of spinal cats and rats was altered in response to external perturbations (e.g. contacting an obstacle or force fields) and remained altered after removing the perturbation (Heng & de Leon, 2007; Zhong et al. 2012) . In the present study, we tested the hypothesis that spinal circuits contribute to locomotor adaptation by investigating a return towards symmetry and presence of after-effects in spinal cats using a split-belt treadmill protocol. We had hypothesized that the interlimb pattern of spinal cats would show adaptation during prolonged split-belt locomotion because of the prominent role of the spinal cord in generating locomotion. However, after finding no locomotor adaptation in spinal cats, we investigated adaptation to split-belt locomotion in intact cats, where we also found no evidence of adaptation. The results suggest an important physiological difference in how cats -quadrupeds -and humans -bipeds -respond toprolonged asymmetric locomotion in order to produce stable gait.
Methods

Ethical approval
All procedures were approved by the Animal Care Committee of the Université de Sherbrooke and were in accordance with policies and directives of the Canadian Council on Animal Care (Protocol number . The current data set was obtained from eight adult cats, five females and three males, weighing between 3.5 and 7.5 kg. Four cats were studied in the intact state (intact cats) and four following a spinal transection at thoracic levels (spinal cats). Before and after experiments, cats were housed and fed in a dedicated room within the animal care facility of the Faculty of Medicine and Health Sciences at the Université de Sherbrooke. As part of our effort to reduce the number of animals that we use in research, all cats participated in other studies to address different scientific questions Thibaudier et al. 2013 Thibaudier et al. , 2017 D'Angelo et al. 2014; Dambreville et al. 2015 Dambreville et al. , 2016 Hurteau et al. 2015 Hurteau et al. , 2017 . The experiments comply with the ARRIVE guidelines (Kilkenny et al. 2010 ) and principles of animal research established by The Journal of Physiology (Grundy, 2015) .
General surgical procedures
The surgeries for implantation of electrodes and spinal transection were performed in an operating room under aseptic conditions with sterilized equipment. Cats were sedated with an intramuscular injection of butorphanol (0.4 mg kg −1 ), acepromazine (0.1 mg kg −1 ), and glycopyrrolate (0.01 mg kg −1 ), while induction was done with an intramuscular injection of ketamine-diazepam (0.11 ml kg −1 in a 1:1 ratio). The fur overlying the back, stomach, and hindlimbs of the cats was shaved. Cats were anaesthetized with isoflurane (1.5-3%) using a mask and then intubated with a flexible endotracheal tube. During surgery, isoflurane concentration (1.5-3%) was adjusted as needed by monitoring cardiac and respiratory rates, by applying pressure to the paw to detect limb withdrawal, and by evaluating jaw tone. To maintain core body temperature between 35°and 37°C, a water-filled heating pad was placed under the animal and an infrared lamp was positioned ß50 cm from the cat. Body temperature was monitored using a rectal thermometer. During surgery, an antibiotic (Convenia, 0.1 ml kg −1 ) was administrated subcutaneously and a transdermal fentanyl patch (25 mcg h −1 ) was fixed to the back of the animal 2-3 cm rostral to the base of the tail. Buprenorphine (0.01 mg kg −1 ), a fast-acting analgesic, was also injected subcutaneously at the end of the surgery and ß7 h later. After surgery, cats were placed in an incubator and closely monitored until they regained consciousness. The fentanyl patch was removed 5-7 days post surgery. At the end of the experiments, a lethal dose of pentobarbital was administered through the left or right cephalic vein.
Implantation of electrodes
Cats were implanted with electrodes to chronically record muscle activity (EMG, electromyography). Pairs of Teflon insulated multistrain fine wires (AS633; Cooner Wire, Chatsworth, CA, USA) were directed subcutaneously from one head-mounted 34-pin connector (Omnetics Connector Corporation, Minneapolis, MN, USA) and sewn into the belly of selected hindlimb muscles for bipolar recordings. During the implantation, we verified electrode placement by electrically stimulating each muscle through the appropriate head connector channel. In the present study, we used recordings from the vastus lateralis (VL, knee extensor) or the lateral gastrocnemius (LG, ankle extensor/knee flexor) to provide extensor EMG. We also show recordings from the anterior sartorius (hip flexor/knee extensor), the medial gastrocnemius (ankle extensor/knee flexor) and the triceps brachii (elbow extensor).
Spinal transection and training
In four cats, the spinal cord was transected at low thoracic levels. A small incision of the skin was made over the 12th and 13th thoracic vertebrae. After carefully setting aside muscle and connective tissue, a small laminectomy of the dorsal bone was made and the dura was removed. Lidocaine (xylocaine) was applied topically and two to three injections were made within the spinal cord. The spinal cord was then transected with surgical scissors. Haemostatic material (Spongostan) was inserted within the gap and muscles and skin were sewn back to close the opening in anatomic layers. In spinal cats, the bladder was manually expressed one to two times daily and animals were monitored by experienced personnel. The hindlimbs were cleaned as needed.
After 1 week, cats started treadmill training five times a week to recover hindlimb locomotion, with each training session lasting ß20 min. Early after spinal transection, training consisted of two experimenters moving the hindlimbs over the moving treadmill belt to reproduce a locomotor pattern, with one of the experimenters holding the tail for support. The forelimbs were positioned on a fixed platform located 1 cm above the belt. A Plexiglas separator was placed between the hindlimbs to prevent crossing. After a few days of training, stepping movements could be elicited by stimulating the skin of the perineal region. Over the course of a few additional weeks, cats recovered full weight bearing hindlimb locomotion with consistent plantar placement. During data collection, an experimenter held the tail to provide lateral equilibrium.
Experimental protocol
Experiments were performed on an animal treadmill with two independently controlled running surfaces 120 cm long and 30 cm wide (Bertec Corporation, Columbus, OH, USA). At the time of data collection, intact and spinal cats had been trained for >6 weeks to step on the treadmill and had performed several sessions of short bouts (20-30 cycles) of split-belt locomotion at various left-right split-belt speeds D'Angelo et al. 2014) . In the present study, to investigate locomotor adaptation, cats performed a baseline period consisting of 1-2 min of tied-belt locomotion, followed by 10 min of split-belt locomotion, where the speed of J Physiol 595.17 one limb was increased, before returning to tied-belt locomotion for 1-2 min (same left-right speeds as baseline). The periods of tied-belt locomotion that precede and follow split-belt locomotion are referred to as T1 and T2, respectively, while the early and late split-belt periods are referred to as S1 and S2. We refer to the hindlimb stepping on the fast belt as the fast limb and the hindlimb on the slow belt as the slow limb, even during tied-belt locomotion.
A comfortable stepping speed for intact cats on a treadmill is in the range of 0.4 m s −1 to 0.6 m s −1 . Here, we used this range of speeds for the limbs stepping on the slower belt. In intact cats, different speeds for the slow and fast limbs were tested within and between cats (Table 1; In all cats, the tied-belt speed at T1 and T2 was the slow belt speed so that only the fast limb changed speed during the split-belt period. Speed transitions between tied-belt and split-belt periods were made with an acceleration of 2.0 m s −2 . In the following text, the differences in speed between the slow and fast limbs are expressed as a slow:fast speed ratio. The mean slow:fast ratios for intact and spinal cats were 1:1.7 and 1:1.5, respectively.
Data collection and analysis
During experiments, videos of the left and right sides were captured with two cameras (Basler AcA640-100 gm) at 60 frames s −1 with a spatial resolution of 640 by 480 pixels. Cameras were positioned approximately 50 cm away from the treadmill on each side. A custom-made Labview program acquired images and synchronized the cameras with the EMG. Videos were analysed off-line at 60 frames s −1 using custom-made software. Contact of the paw and its most caudal displacement were determined for both hindlimbs by visual inspection. Paw contact was defined as the first frame where the paw made visible contact with the treadmill surface while the most caudal displacement of the limb was the frame with the most caudal displacement of the toe. EMG was pre-amplified (×10, custom-made system), bandpass filtered (30-1000 Hz) and amplified (×100-5000) using a 16-channel amplifier (AM Systems Model 3500, Sequim, WA, USA). EMG data were digitized (2000 Hz) with a National Instruments card (NI 6032E) and acquired with custom-made acquisition software and stored digitally. Due to the loss of some EMG signals over time, we did not have reliable extensor EMGs from Intact Cats 3 and 4.
To assess changes in the hindlimb pattern and investigate locomotor adaptation during prolonged split-belt locomotion, we performed an analysis similar to Reisman et al. (2005) . All measurements were performed in the hindlimbs with the exception of double support periods in intact cats, where both forelimb and hindlimb double support periods were measured. The following intralimb variables were measured:
(1) Cycle duration, defined as the interval of time between successive contacts of the same limb. As cats maintained equal cycle duration between the slow and fast limbs, or a 1:1 coordination pattern, we used cycle duration from the slow hindlimb. (2) Stance duration, defined as the interval of time from paw contact to the most caudal displacement of the limb. Slow and fast stance durations refer to the stance durations of the slow and fast limbs, respectively.
The following interlimb variables were measured:
(1) Double support periods, defined as the time when both forelimbs or both hindlimbs were in contact with the surface. For the forelimbs and hindlimbs, there are two periods of double support: from left forelimb/hindlimb contact to right forelimb/hindlimb lift off and from right forelimb/hindlimb contact to left forelimb/hindlimb lift off. Fast double support refers to the period from fast forelimb/hindlimb contact to slow forelimb/hindlimb lift off, whereas slow double support refers to the period from slow forelimb/hindlimb contact to fast forelimb/hindlimb lift off. (2) Step length, defined as the anterior-posterior distance between the leading limb and trailing limb at contact of the leading limb. The distance was measured from the front of the toes for each hindlimb. Fast step length refers to the step length measured at contact of the fast limb while slow step length refers to step length measured at contact of the slow limb. To assess the symmetry of intralimb and interlimb variables, a slow:fast ratio was measured for stance durations, double support periods and step lengths (Reisman et al. 2005) . A ratio of 1 represents perfect symmetry while a ratio above 1 indicates that the value on the slow side was greater than the one of the fast side.
For EMG, burst onsets and offsets were determined in the VL or LG muscles by visual inspection by the same experimenter (A. Frigon) from the raw EMG waveforms using a custom-made program. Burst duration was measured from onset to offset while mean EMG amplitude was measured by integrating the full-wave rectified EMG burst from onset to offset and dividing it by its burst duration. The activity of VL or LG was recorded and quantified to provide a measure of hindlimb extensor activity in intact and spinal cats. Although these muscles were recorded bilaterally, some recordings were lost in some cats over time. As such, we selected the EMGs with the highest signal to noise ratio for quantification in each cat.
Statistics
For statistical analyses, we averaged the last fifteen step cycles of the baseline period (T1), the first (S1) and last (S2) fifteen step cycles of the split-belt period and the first fifteen step cycles of the post-split period (T2). In total, we analysed nine sessions from four intact cats and eight sessions from four spinal cats. In the intact group, one cat contributed five sessions while another cat contributed two, with one session for the other two cats. The reason for this was that few intact cats could maintain stable hindlimb locomotion for 12-15 consecutive minutes (see Discussion). In the spinal group, each cat contributed two sessions, one with each hindlimb as the slow limb. For statistical analysis, sessions were pooled for intact and for spinal cats. We used a one factor (test period), repeated measures analysis of variance (ANOVA) on the intralimb (cycle duration, stance duration) and interlimb (step length, double support periods) kinematic variables to determine if there was an effect of testing period (T1, S1, S2, T2). The same statistical tests were also performed on EMG burst durations and mean amplitudes. If a significant effect of test period was found with the ANOVA, pairwise comparisons were then performed to test for significant differences between test periods. Statistical tests were performed with SPSS 17.0. Significance level was set at P < 0.05.
Results
Adjustments in the locomotor pattern before, during and after prolonged split-belt locomotion
To determine how the locomotor pattern adjusts to prolonged asymmetric stepping and to assess the presence of locomotor adaptation, we collected and measured kinematic and EMG data before, during and after 10 min of split-belt locomotion in intact and spinal cats. From the video recordings, we identified stance onsets and offsets to measure cycle/stance durations, double support periods and step lengths bilaterally. From the EMG data, we measured EMG burst durations and mean amplitudes from extensor muscles bilaterally. Figure 1 shows the locomotor pattern during the tied-belt period before (T1) split-belt locomotion, in the early (S1) and late (S2) periods of split-belt locomotion, and upon returning to tied-belt locomotion (T2) following the split-belt period in one intact ( Fig. 1A ) and one spinal (Fig. 1B ) cat. Figure 2 shows stance durations, double support periods and step lengths for 27-30 consecutive cycles in the T1, S1, S2 and T2 testing periods for the sessions shown in Fig. 1 . The left and right panels of Fig. 2 show data from an intact and spinal cat, respectively. The T1 period is also referred to as the baseline. Studies have shown rapid adjustments in phase durations during split-belt locomotion to maintain equal cycle duration bilaterally, or a 1:1 coordination, in cats (Kulagin & Shik, 1970; Forssberg et al. 1980; , 2015 , 2017 D'Angelo et al. 2014) and humans (Dietz et al. 1994; Reisman et al. 2005; Yang et al. 2005; Musselman et al. 2011) . As a proportion of the cycle, the stance duration of the limb stepping on the slow and fast belts are respectively lengthened and shortened. The swing phase of the fast limb occupies a greater percentage of the cycle while the swing phase of the slow limb remains relatively unchanged or is slightly decreased. During prolonged split-belt locomotion in human adults and children, the durations of the stance phases on the slow and fast belts do not change over time (Reisman et al. 2005; Musselman et al. 2011) . In other words, stance durations do not show adaptation and remain asymmetric. In the present study, we confirm these findings in intact and spinal cats. During T1, stance durations of the left and right hindlimbs were mostly symmetric ( Fig. 2A) . However, during split-belt locomotion, the stance duration of the hindlimb stepping on the fast belt was reduced compared to baseline while on the slow belt it remained around T1 values. Stance durations remained asymmetric over time during split-belt locomotion (S2) and symmetry recovered upon returning to tied-belt locomotion (T2). Periods of double support and step lengths also become asymmetric when switching from tied-belt to split-belt locomotion in humans (Reisman et al. 2005) . However, contrary to stance phase durations, studies in humans have shown that periods of double support and step lengths return towards symmetry during prolonged split-belt locomotion and show after-effects (i.e. a reversal of the initial asymmetry) when returning to tied-belt locomotion (Reisman et al. 2005; Musselman et al. 2011) . Double support periods are mainly determined by the timing of the lift off of the trailing limb. In the example shown for the intact cat, periods of double support were mostly symmetric during T1, became asymmetric compared to baseline during the early split-belt period and this asymmetry was maintained into the late split-belt period (Fig. 2B, left panel) . Symmetry recovered when returning to tied-belt locomotion. In the spinal cat, the double support periods were asymmetric during T1 and this asymmetry was increased compared to baseline during the early split-belt period and maintained into the late split-belt period (Fig. 2B, right panel) . At T2, double support periods appeared more symmetric than at T1.
Step length, another interlimb variable, is mainly determined by the position of the trailing limb and as the limb on the fast belt has time to travel further back before its homologue makes contact, the step length at contact of the slow limb is longer during split-belt locomotion (Fig. 2C ). In the intact and spinal cat, the asymmetry in step lengths observed in S1 was maintained in S2, with no noticeable changes between the early and late split-belt periods, although the asymmetry was more pronounced in the spinal cat. In the intact cat, symmetry immediately recovered in T2. In the spinal cat, the asymmetry found in T1 returned in T2.
Temporal and spatial kinematic adjustments to prolonged split-belt locomotion
To determine how a 1:1 coordination was maintained over time during prolonged split-belt locomotion, we measured cycle and stance durations in the four testing periods (T1, S1, S2 and T2). For pooled data, despite some variability between sessions, cycle duration was significantly reduced during split-belt locomotion compared to baseline in intact and spinal cats with no differences between early and late split-belt periods (Fig. 3A) . This reduction in cycle duration was mediated by a significant decrease in the stance duration of the fast limb (Fig. 3C) , as stance duration of the slow limb was not affected (Fig. 3A) . Cycle and stance durations during tied-belt locomotion were not significantly different before and after split-belt locomotion.
Interlimb parameters (i.e. double support periods, step lengths) were also significantly altered during split-belt locomotion with adjustments mainly observed for the measures taken at contact of the slow limb. Double support periods were measured for both the fore-and hindlimbs in intact cats and for the hindlimbs in spinal cats. In intact cats, the results were similar for both pairs of limbs, which were similar to those found for the hindlimbs of spinal cats. For instance, the double support period from contact of the slow forelimb/hindlimb to lift off of the fast forelimb-hindlimb was significantly reduced compared to baseline during split-belt locomotion, indicating that there was less time spent in double support (Fig. 4A) . In intact cats, there was also a significant reduction from the early to the late split-belt period. The double support period at contact of the slow forelimb/hindlimb was reduced compared to baseline because the fast forelimb/hindlimb transitioned to swing earlier. Values returned to baseline values when switching back to tied-belt locomotion after the 10 min of split-belt locomotion. The double support period from contact of the fast forelimb/hindlimb to lift off of the slow forelimb/hindlimb was not affected by split-belt locomotion (Fig. 4B) .
Step lengths were only measured for the hindlimbs. The step length at contact of the slow hindlimb was significantly increased compared to baseline during split-belt locomotion, with no differences between early and late split-belt periods (Fig. 5A) . Values returned to baseline values when switching back to tied-belt locomotion after the 10 min of split-belt locomotion. The step length at contact of the fast hindlimb was not significantly affected by split-belt locomotion (Fig. 5B) . The step length at contact of the slow hindlimb increased because the hindlimb stepping on the fast belt extends more caudally during the swing J Physiol 595.17 phase of the slow limb. Thus, as the slow limb makes contact, the fast limb has extended more caudally and step length is greater.
Therefore, as speed was increased for one limb when switching from tied-belt to split-belt locomotion, adjustments in intralimb and interlimb parameters were mainly produced by the faster stepping limb in intact and spinal cats. Intralimb and interlimb parameters did not show additional adjustments from early to late split-belt periods, with the exception of a greater reduction in the double support period at contact of the slow forelimb/hindlimb in intact cats. For individual sessions, data points are the average of 15 cycles in the four testing periods (T1, S1, S2 and T2), while the mean is the average of individual sessions ± the standard deviation. In the key at the bottom of the figure, the slow:fast speed ratios are indicated in brackets next to the sessions.
The P values at the top of each panel show the main effects of the repeated measures ANOVA, whereas the asterisks show significant differences of the pairwise comparisons between test periods.
* P < 0.05, * * P < 0.01, * * * P < 0.001.
Lack of locomotor adaptation during prolonged split-belt locomotion
Kinematics. The presence of adaptation with split-belt locomotion in human studies has been demonstrated by a gradual return in the symmetry of interlimb variables (double support periods or step lengths) and a reversal of the asymmetry upon returning to tied-belt locomotion that was observed in the early split-belt period, which was termed an after-effect (Reisman et al. 2005) . To determine if there was a return towards symmetry and after-effects in intact and spinal cats, we measured the ratio between the slow and fast limbs of intralimb and interlimb variables during the four testing periods (T1, S1, S2, T2). The slow:fast ratio for the intralimb variable stance duration was significantly increased compared to The left and middle panels show data from the fore-and hindlimbs of intact cats, respectively, while the right panel shows data of spinal cats for double support periods at contact of the slow limb (A) and the fast limb (B). Values are expressed as a percentage of the first testing period (T1). Panels show data obtained from individual sessions and for the mean. For individual sessions, data points are the average of 15 cycles in the four testing periods (T1, S1, S2 and T2), while the mean is the average of individual sessions ± the standard deviation. In the key at the bottom of the figure, the slow:fast speed ratios are indicated in brackets next to the sessions. The P values at the top of each panel show the main effects of the repeated measures ANOVA, whereas the asterisks show significant differences of the pairwise comparisons between test periods. * P < 0.05, * * P < 0.01, * * * P < 0.001.
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baseline during split-belt locomotion in intact and spinal cats (Fig. 6A) , indicating that stance duration is longer for the limb stepping on the slow belt. There were no significant differences between the early and late split-belt periods or between the first and second tied-belt periods, consistent with a lack of adaptation in stance duration during prolonged split-belt locomotion, as reported in human studies (Reisman et al. 2005; Musselman et al. 2011) . However, contrary to human studies, interlimb parameters also did not adapt to prolonged split-belt locomotion. Indeed, the slow:fast hindlimb double support ratio was significantly decreased compared to baseline during prolonged split-belt locomotion (Fig. 6B ) while the step length ratio was significantly increased (Fig. 6C ). The slow:fast forelimb double support ratio observed during S1 (0.77 ± 0.20) was also significantly decreased (P < 0.001) compared to baseline values (1.04 ± 0.21) (data not shown). For forelimb/hindlimb double support periods and hindlimb step lengths, there were no significant differences between the early and late split-belt periods or between the first and second tied-belt periods, consistent with a lack of adaptation of interlimb variables.
EMG. Another way to track locomotor adaptation during prolonged split-belt locomotion is to record muscle activity. For instance, it was shown in humans that the EMG amplitude of most leg muscles was reduced from early to late split-belt period, as interlimb kinematic variables adapted, indicating that changes in EMG can reflect locomotor adaptation (Finley et al. 2013; Maclellan et al. 2014; Forbes et al. 2017) . In the present study, to determine how muscle activity was modulated before, during and after prolonged split-belt locomotion in intact and spinal cats, we measured EMG burst durations and Step lengths before, during and after prolonged split-belt locomotion in intact and spinal cats Left and right panels show data from intact and spinal cats, respectively, for step lengths at contact of the slow limb (A) and the fast limb (B). Values are expressed as a percentage of the first testing period (T1). Panels show data obtained from individual sessions and for the mean. For individual sessions, data points are the average of 15 cycles in the four testing periods (T1, S1, S2 and T2) while the mean is the average of individual sessions ± the standard deviation. In the key at the bottom of the figure, the slow:fast speed ratios are indicated in brackets next to the sessions. The P values at the top of each panel show the main effects of the repeated measures ANOVA, whereas the asterisks show significant differences of the pairwise comparisons between test periods. * * P < 0.01, * * * P < 0.001.
mean amplitudes of extensor muscles in the slow and fast limbs during the four testing periods (T1, S1, S2 and T2) using chronically implanted electrodes. Examples from an intact and a spinal cat are shown in Fig. 7 . During split-belt locomotion, VL burst durations decreased compared to baseline in the fast limb whereas those in the slow limb remained around T1 values, or could be longer (Fig. 7A ). In the intact cat, VL burst durations were higher upon returning to tied-belt locomotion compared to baseline, whereas in the spinal cat values were similar For individual sessions, data points are the average of 15 cycles in the four testing periods (T1, S1, S2 and T2), while the mean is the average of individual sessions ± the standard deviation. In the key at the bottom of the figure, the slow:fast speed ratios are indicated in brackets next to the sessions. The P values at the top of each panel show the main effects of the repeated measures ANOVA, whereas the asterisks show significant differences of the pairwise comparisons between test periods. * P < 0.05, * * P < 0.01, * * * P < 0.001.
to T1. The mean amplitude of VL bursts increased bilaterally compared to baseline in the intact cat during split-belt locomotion, with a greater relative increase in the slow limb (Fig. 7B) . Following split-belt locomotion, VL mean amplitudes were slightly higher than at T1, especially for the slow limb. In the spinal cat, VL mean amplitudes remained around T1 values during split-belt locomotion. Upon returning to tied-belt locomotion, the VL mean amplitude of the slow limb remained unchanged compared to baseline while the mean amplitude of the VL in the fast limb was reduced. What we observed across sessions is that changes in extensor burst durations were relatively consistent whereas modulation of mean amplitude was more variable. For instance, the extensor burst duration in the fast limb was significantly reduced compared to baseline in intact and spinal cats, with no differences between early and late split-belt periods or between T1 and T2 (Fig. 8B) . Extensor burst durations in the slow limb were not affected by split-belt locomotion and no differences were found between the two tied-belt periods (Fig. 8A) . Thus, intact and spinal cats modulate extensor burst durations similarly during split-belt locomotion and these changes parallel those observed in the durations of the stance phase bilaterally (Fig. 3) . However, mean amplitude of extensor muscles showed differential modulation in intact and spinal cats. In intact cats, the mean amplitude of extensor muscles was significantly increased compared to baseline in both the slow (Fig. 9A) and fast (Fig. 9B) limbs during split-belt locomotion. No significant differences were found between early and late split-belt periods or between the two tied-belt periods. In contrast to intact cats, spinal cats showed no modulation of extensor EMG mean amplitude during split-belt locomotion. Therefore, the absence of significant changes between early and late split-belt periods is consistent with a lack of adaptation in muscle activity during prolonged split-belt locomotion.
The effect of high speed ratios between the slow and fast belts in intact cats
The data presented earlier were obtained with relatively small slow:fast speed ratios during the split-belt period, with a range of 1:1.5 to 1:2 in intact cats and a ratio of 1:1.5 in spinal cats. Could the lack of motor adaptation be due to an insufficient difference in speed between the slow and fast sides? In human infants and spinal cats, if the difference between the slow and fast belts is increased, the limb on the fast belt starts taking more steps than the limb on the slow belt (Forssberg et al. 1980; Yang et al. 2005; Frigon et al. 2017) . In other words, the left and right rhythms become dissociated, consistent with some degree of independence between the spinal circuits generating locomotion for the left and right sides (Yang et al. 2005; Danner et al. 2016; Frigon, 2017; Frigon et al. 2017) . However, in human adults, even with high left-right split-belt differences, the left and right rhythms rarely become dissociated (Dietz et al. 1994; Reisman et al. 2005) . Reisman et al. (2005) reported that human adult subjects needed to make a conscious effort to perform 1:2 coordination patterns.
Here, we show that intact adult cats adjust to high slow:fast speed ratios by taking more steps on the fast side. Figure 10 shows examples taken from one intact cat stepping at slow:fast speed ratios of 1:3, 1:4, 1:5 and 1:10. At 1:3 and 1:4 speed ratios, the limbs on the fast side performed two steps for every step of the limbs on the slow side, or a 1:2 coordination pattern, whereas at higher ratios of 1:5 and 1:10, a 1:4 coordination pattern could be observed. In general, the adjustments were the same for the homolateral fore-and hindlimbs, although some uncoupling was observed in some cats, with the forelimb on the slow side occasionally taking an extra step. Moreover, although there was some variability between animals, similar to spinal cats , all intact cats performed 1:2, 1:3 or 1:4 coordination patterns. The cats that performed the most stable locomotion were those that seemed unperturbed by the high difference Values are expressed as a percentage of the first testing period (T1). Panels show data obtained from individual sessions and for the mean. For individual sessions, data points are the average of 15 cycles in the four testing periods (T1, S1, S2 and T2), while the mean is the average of individual sessions ± the standard deviation. In the key at the bottom of the figure, the slow:fast speed ratios are indicated in brackets next to the sessions. The P values at the top of each panel show the main effects of the repeated measures ANOVA, whereas the asterisks show significant differences of the pairwise comparisons between test periods. * P < 0.05, * * P < 0.01. J Physiol 595.17 in speed between the slow and fast belts, whereas those that seemed perturbed or were looking at the treadmill surfaces had more difficulty producing a consistent pattern.
Discussion
In the present study, we showed that intact and spinal cats do not adapt to split-belt locomotion. Their locomotor pattern rapidly adjusted and both intralimb (stance durations) and interlimb (double support periods, steps lengths) remained asymmetric during prolonged split-belt locomotion, with no after-effects. Moreover, we found no changes in the amplitude of hindlimb extensor muscle activity between early and late split-belt periods. The lack of adaptation during split-belt locomotion in intact and spinal cats suggests an important difference in how cats and humans respond to prolonged asymmetric stepping.
Experimental limitations
To be able to compare our results with those of previous studies in humans (Morton & Bastian, 2006; Choi & Bastian, 2007; Malone & Bastian, 2010 Vasudevan & Bastian, 2010; Musselman et al. 2011; Vasudevan et al. 2011; Malone et al. 2012; Finley et al. 2013; Forbes et al. 2017) , cats were required to perform about 12-15 consecutive minutes of stable locomotion. While most intact cats can be trained to perform long periods of treadmill locomotion, few are able to perform consistent locomotion with the experimental protocol used in the present study. The intact cats that were selected for this study were our best performers. However, it could take several trials over a period of several days, to avoid fatiguing and potentially stressing the animals, before obtaining a session that could be analysed. In some trials, cats could only perform a few minutes, they could pause every few strides, letting their bodies move backwards Values are expressed as a percentage of the first testing period (T1). Panels show data obtained from individual sessions and for the mean. For individual sessions, data points are the average of 15 cycles in the four testing periods (T1, S1, S2 and T2), while the mean is the average of individual sessions ± the standard deviation. In the key at the bottom of the figure, the slow:fast speed ratios are indicated in brackets next to the sessions. The P values at the top of each panel show the main effects of the repeated measures ANOVA, whereas the asterisks show significant differences of the pairwise comparisons between test periods. * P < 0.05, * * P < 0.01. on the treadmill belt and they could let their hindpaws make contact with the back stopper. These trials were not retained for analysis. Only sessions that consisted of at least 12 consecutive minutes of stable locomotion were analysed. This limited the number of cats and the slow:fast speed ratios that could be used because cats performed consistent locomotion only at certain speeds and left-right speed differences. For example, Intact Cat 1, which contributed five sessions to the pooled data (Table 1) , could not perform prolonged split-belt locomotion consistently at a speed of less than 0.5 m s −1 for the slow belt or during tied-belt locomotion. Due to safety reasons, we did not use a speed higher than 1.0 m s −1 for the fast belt. However, we did manage to obtain two sessions with a slow:fast speed ratio of 1:2 in this cat, which is a frequently used ratio for inducing adaptation during split-belt locomotion in humans (e.g. Reisman et al. 2005; Musselman et al. 2011; Vasudevan et al. 2011; Forbes MG (slow) VL ( . Despite these limitations, we obtained several sessions in intact cats with a range of slow:fast speed ratios from 1:1.5 to 1:2 and two sessions per spinal cat at ratios of 1:1.5, one with each hindlimb as the slow and fast limb.
As stated, a slow:fast speed ratio of 1:2 can induce locomotor adaptation in humans (Reisman et al. 2005; Musselman et al. 2011; Vasudevan et al. 2011; Forbes et al. 2017) , and one study showed that a ratio of 1:1.5 was also effective (Maclellan et al. 2014) . In the present study, we obtained two sessions at 1:2 in one intact cat while the other sessions ranged from 1:1.5 to 1:1.8. Thus, it is possible that the lack of locomotor adaptation observed in the present study was because of smaller slow:fast speed ratios. However, we do not believe this is a factor because the initial asymmetry that we observed in interlimb variables in the early period of split-belt locomotion was similar or greater than other studies that showed locomotor adaptation. The initial asymmetry, or 'error' , is thought to drive the adaptation in humans (Musselman et al. 2011; Finley et al. 2013) . For instance, Reisman et al. (2005) showed a difference in step length of about 10% between the slow and fast legs of human adults in the early split-belt period at a slow:fast speed ratio of 1:2. In the present study, we observed an asymmetry of ß18% and ß50% in step length, on average, in the early split-belt period for intact and spinal cats, respectively (Fig. 6C) . Moreover, Reisman et al. (2005) showed a change in the slow:fast ratio of about 0.4 for double support periods in the early split-belt period in human adults. In the present study, we observed a change in the slow:fast ratio of double support periods of ß0.2 and ß0.5, on average, in intact and spinal cats, respectively (Fig. 6B) . Another potential factor in the lack of locomotor adaptation observed in intact and spinal cats is the initial asymmetry of interlimb variables observed during tied-belt locomotion, before the split-belt period (Fig. 6) . Indeed, while stance durations were mostly symmetric during tied-belt locomotion, interlimb variables could be considerably asymmetric, depending on the cat and the session. However, even cats that showed symmetry of interlimb variables during tied-belt locomotion and a pronounced asymmetry in early split-belt compared to baseline did not show evidence of adaptation in the late split-belt period. Musselman et al. (2011) reported that an initial asymmetry during tied-belt locomotion did not prevent adaptation with split-belt locomotion in human infants. Therefore, as discussed below, we propose that the lack of locomotor adaptation in intact and spinal cats is due to an inherent difference in how cats and humans respond to prolonged asymmetric stepping, and not because of experimental limitations.
The effects of prolonged split-belt locomotion
Two main forms of locomotor adaptation have been described during split-belt locomotion in cats and humans. The first type of adaptation is the stabilization of the pattern that takes place within the first minute of split-belt locomotion, with the disappearance of fluctuations (i.e. deviations from the mean) in cycle/phase durations and double support periods upon subsequent trials, as shown in decerebrate cats (Yanagihara et al. 1993; Yanagihara & Udo, 1994; Yanagihara & Kondo, 1996) and in human adults (Dietz et al. 1994; Prokop et al. 1995) . In the present study, we did not investigate this type of locomotor adaptation. At the time of data collection, all cats had been trained for several weeks to perform split-belt locomotion at various slow:fast speed ratios and data had been collected for other projects, some of which have been published D'Angelo et al. 2014) . Thus, it is probable that reduced fluctuations with repeated trials occurred in intact cats when they were first exposed to split-belt locomotion. However, this would be difficult to qualify as an adaptation in intact cats because erratic steps or fluctuations in temporal measures might simply reflect hesitation on the animal's part when exposed to the novel task. As the cat becomes more comfortable in producing the task, the pattern is more stable from the start of the session. In the four spinal cats that were used in the present study, none of them had performed split-belt locomotion before spinal transection because they could not step consistently on the treadmill in the intact state. This indicates that split-belt locomotion does not need to be learned for it to be performed after spinal transection. In agreement with this statement, the cats that performed split-belt locomotion in the study by Forssberg et al. (1980) were spinal-transected as kittens, before they expressed hindlimb locomotion.
The second type of locomotor adaptation that has been described in humans during prolonged split-belt locomotion, and that we investigated here in intact and spinal cats, is the gradual return in the symmetry of interlimb variables, such as double support periods and step lengths, and an after-effect when returning to tied-belt locomotion in the form of a reversal of the asymmetry initially observed during the early split-belt period (Reisman et al. 2005; Morton & Bastian, 2006; Malone & Bastian, 2010 Musselman et al. 2011; Vasudevan et al. 2011; Malone et al. 2012) . In contrast, intralimb variables, such as stance durations, do not change during prolonged split-belt locomotion, remaining asymmetric throughout the split-belt period in human adults (Reisman et al. 2005) . In the present study, we confirm the lack of adaptation in stance durations during prolonged split-belt locomotion (Fig. 6A) . However, we also found no evidence of a return towards symmetry in interlimb variables during prolonged split-belt locomotion in both intact and spinal adult cats. In intact cats, the forelimbs could have adjusted differently from the hindlimbs to prolonged split-belt locomotion. However, both the forelimbs and hindlimbs showed a similar pattern of change with split-belt locomotion and a lack of return towards symmetry (Fig. 4) . Moreover, it has also been shown that the amplitude of EMG activity in the legs decreases from early to late split-belt period as the locomotor pattern adapts in human adults (Finley et al. 2013; Maclellan et al. 2014; Forbes et al. 2017) . In the present study, we found no change in hindlimb extensor EMG from early to late split-belt period in intact and spinal cats (Fig. 9) .
The simplest explanation for the lack of locomotor adaptation in intact and spinal cats is that symmetry of step lengths and double support periods is not required for stable locomotion in a quadruped, even under extreme circumstances. Indeed, when the difference in speed between the slow and fast belts is sufficiently increased, both intact (Fig. 10) and spinal ) adult cats adopt a coordination pattern where the limb(s) on the fast belt take more steps than the one(s) on the slow belt. When these 1:2, 1:3, 1:4 and even 1:5 coordination patterns appear, the animals perform stable locomotion. Spinalized kittens (Forssberg et al. 1980) and human infants of less than 1 year of age (Yang et al. 2005 ) also readily produce these types of coordination patterns during split-belt locomotion. In contrast, human adults rarely perform 1:2 coordination patterns during upright bipedal split-belt locomotion and they appear to require conscious effort to do so (Reisman et al. 2005) . The neural control systems that govern left-right symmetry of interlimb variables seem to take longer to develop in humans (Musselman et al. 2011; Vasudevan et al. 2011) . Moreover, some children do not adapt to split-belt locomotion, retaining asymmetry of interlimb variables throughout the split-belt period, with no after-effects upon returning to tied-belt locomotion (Musselman et al. 2011) . Therefore, cats and human infants less than 1 year old appear to employ similar strategies to coordinate the limbs during split-belt locomotion whereas older children and human adults adopt a different strategy, consistent with the addition of new neural mechanisms for locomotor control during human development (Dominici et al. 2011; Ivanenko et al. 2013) .
Neural mechanisms involved in adjusting and adapting to split-belt locomotion
Intact and spinal cats, as well as human adults and children of all ages, adjust to split-belt locomotion by modifying phase durations bilaterally, which do not adapt during prolonged split-belt locomotion. This indicates that the mechanisms controlling phase durations are conserved across species for quadrupedal and upright bipedal locomotion. The bilateral control of phase durations during split-belt locomotion is most likely mediated primarily by spinal circuits interacting with stretch-and load-dependent feedback from limb mechanoreceptors (Forssberg et al. 1980; Yang et al. 2005; Musselman et al. 2011; Frigon et al. 2013 Frigon et al. , 2017 . In particular, stretch-related inputs from hip flexor muscles as well as load-dependent feedback from ankle extensors and paw pad afferents, have been shown to potently regulate phase durations in cats and humans (reviewed in Duysens et al. 2000; Rossignol et al. 2006; Pearson, 2008) . We recently showed how different sources of somatosensory feedback might intervene at different times during the step cycle to control left-right coordination during split-belt locomotion in spinal cats (see Fig. 15 of Frigon et al. 2017) .
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Vestibular inputs to each leg in human adults also adjusted rapidly during split-belt locomotion, suggesting that recalibrating the system to maintain posture is prioritized before restoring symmetry of interlimb variables (Forbes et al. 2017) .
The cerebellum is thought to be critical for adaptation to split-belt locomotion in humans, as damage to the cerebellum, particularly to structures along the midline that control gait and posture, impairs adaptation in human adults (Morton & Bastian, 2006) . In decerebrate cats, disrupting cerebellar activity in the vermis also abolishes adaptation to split-belt locomotion, with one forelimb stepping at a different speed than the other three limbs (Yanagihara & Kondo, 1996) . However, this adaptation was related to reductions in fluctuations of the gait pattern and not to the return of left-right symmetry of interlimb variables.
The results of the present study should not be taken as evidence that cerebellar or supraspinal control is unimportant for cat locomotion, as several studies have shown that signals from the brain are critical for postural control, obstacle avoidance and interlimb coordination (Armstrong, 1986; Drew et al. 2002 Drew et al. , 2008 Rossignol et al. 2006; Frigon, 2017) . In addition, the lack of adaptation to split-belt locomotion should not reflect an inability of spinal circuits to adapt to persistent perturbations in the environment, as limb trajectory can be altered in spinal cats and rats following removal of the perturbation (Heng & de Leon, 2007; Zhong et al. 2012) . Instead, the results indicate that the task of coordinating the limbs in cats can be accomplished easily without requiring a return towards left-right symmetry of interlimb variables and learning a new locomotor pattern. This is not unexpected because the control of interlimb coordination in cats is different from that in humans. Cats can produce both alternating (e.g. walk, trot) and non-alternating (e.g. gallop, bound) gaits during locomotion over a range of speeds, whereas humans depend on a strict out-of-phase alternation between the legs during walking, jogging and running to maintain an upright posture. Hopping is not a normal gait pattern in humans. Thus, the more flexible nature of interlimb coordination in cats allows them to adjust to split-belt locomotion without relying on restoring left-right symmetry, whereas humans must have developed specialized mechanisms to respond to prolonged asymmetric walking conditions.
